Acute pancreatitis is a complex disorder involving both premature intracellular protease activation and inflammatory cell invasion. An initiating event is the intracellular activation of trypsinogen by cathepsin B (CTSB), which can be induced directly via G protein-coupled receptors on acinar cells or through inflammatory cells. Here, we studied CTSB regulation by another lysosomal hydrolase, cathepsin D (CTSD), using mice with a complete (CTSD ؊/؊ ) or pancreas-specific conditional CTSD knockout (KO) (CTSD f/f /p48 Cre/؉ ). We induced acute pancreatitis by repeated caerulein injections and isolated acinar and bone marrow cells for ex vivo studies. Supramaximal caerulein stimulation induced subcellular redistribution of CTSD from the lysosomal to the zymogen-containing subcellular compartment of acinar cells and activation of CTSD, CTSB, and trypsinogen. Of note, the CTSD KO greatly reduced CTSB and trypsinogen activation in acinar cells, and CTSD directly activated CTSB but not trypsinogen in vitro. During pancreatitis in pancreas-specific CTSD f/f /p48 Cre/؉ animals, markers of severity were reduced only at 1 h, whereas in the complete KO, this effect also included the late disease phase (8 h), indicating an important effect of extra-acinar CTSD on course of the disease. CTSD ؊/؊ leukocytes exhibited reduced cytokine release after lipopolysaccharide (LPS) stimulation, and CTSD KO also reduced caspase-3 activation and apoptosis in acinar cells stimulated with the intestinal hormone cholecystokinin. In summary, CTSD is expressed in pancreatic acinar and inflammatory cells, undergoes subcellular redistribution and activation during experimental pancreatitis, and regulates disease severity by potently activating CTSB. Its impact is only minimal and transient in the early, acinar cell-dependent phase of pancreatitis and much greater in the later, inflammatory cell-dependent phase of the disease. 3 The abbreviations used are: CTSB, cathepsin B; AMC, 7-amino-4-methylcoumarin; CCK, cholecystokinin; CTSD, cathepsin D; CTSL, cathepsin L; LAMP-2, lysosomal associated membrane protein 2; LIMP-2, lysosomal integral membrane protein 2; LPS, lipopolysaccharide; MCP-1: monocyte chemoattractant protein-1, MPO, myeloperoxidase cro ARTICLE 1018
Acute pancreatitis is a complex disorder and its pathogenesis involves both premature intracellular protease activation (1) (2) (3) as well as the invasion of inflammatory cells (3, 4) . Under physiological conditions digestive proteases are secreted as inactive precursor zymogens and activated only in the duodenum by the brush border enzyme enteropeptidase (PRSS7, also known as enterokinase). Trypsin is believed to play a critical role in acute pancreatitis as, once activated, it can activate multiple other proteases in a cascade-like fashion.
Trypsinogen itself is activated via limited proteolysis by the lysosomal enzyme cathepsin B (CTSB) 3 or by autoactivation. The role of CTSB in the activation of trypsinogen has been confirmed for in vitro, ex vivo, and in vivo settings (1, 5, 6) .
Cathepsin D (CTSD) is a lysosomal aspartic protease that is almost ubiquitously expressed (7) . Like other cathepsins it is synthesized as an inactive prepro-form that, after conversion to the proenzyme in the endolysosomal compartment, is processed to its mature form. Active CTSD exists in a two-chain form consisting of a disulfide bridge-linked amino-terminal light chain (14 kDa) and a carboxy-terminal heavy chain (34 kDa) (7, 8) . Unlike CTSB or cathepsin L (CTSL), cathepsin D is not a secretory protein under physiological conditions (9) . CTSD is involved in multiple cellular functions such as protein degradation and cell death, and has been linked to the development of cancer and neurodegenerative disorders (10 -12) . Recessively inherited homozygous deficiency of CTSD in humans is causing the lethal early-onset neuronal ceroid lipofuscinosis type 10, which is recapitulated by the constitutive gene deletion in mice (13) .
In terms of interactions between cysteine and aspartic proteases, CTSB and CTSL have been reported to be involved in the processing of CTSD (14 -16) . In view of the prominent role of CTSB and CTSL in regulating trypsinogen activation and disease severity in experimental pancreatitis we have here investigated the role of CTSD. To this end we used an experimental model for acute pancreatitis in two different genetically engineered mouse strains with either a complete knockout (CTSD Ϫ/Ϫ ) or a pancreas-specific knockout (CTSD f/f /p48 Cre/ϩ ). Our data indicate that CTSD is a potent activator of CTSB, mediates its effect on the severity of pancreatitis through activation of CTSB, and does so largely via its effects on inflammatory cells.
Results

CTSD expression in the pancreas and intracellular activation upon supramaximal cholecystokinin (CCK) stimulation in isolated acini
Immunohistochemistry of C57BL/6 pancreatic tissues showed CTSD localized in the basolateral part of acini whereas CTSD Ϫ/Ϫ pancreata displayed no CTSD expression ( Fig. 1A) . Measurements of enzymatic activities in acinar cell homogenates using a specific fluorogenic CTSD substrate confirmed the presence of CTSD in acinar cells (Fig. 1B) . The CTSD antibody detected two distinct bands with a size of about 30 kDa and 43 kDa, corresponding to mature (ϳ 33 kDa) and pro-CTSD (ϳ 46 kDa) whereas knockout tissues showed no CTSD expression ( Fig. 1C) . In preliminary experiments we tested the antibody for detection of purified recombinant CTSD enzyme (human CTSD from spleen) that showed the same band at 30 kDa. Upon supramaximal stimulation of isolated acini with cholecystokinin, an ex vivo model of acute pancreatitis, intracellular CTSD activity increased rapidly with a maximum at 20 min and a decline thereafter. No CTSD activity was observed in CTSD-deficient acini (CTSD Ϫ/Ϫ ). Unstimulated acinar cells showed no relevant changes in intracellular CTSD activity during ex vivo culturing ( Fig. 1D ).
There was a residual expression of active CTSD in CTSD f/f / p48 Cre/ϩ mice. In these animals p48 (Ptf1a) promoter implements CTSD deletion in acinar but not in ductal or endocrine cells or resident macrophages which explains the presence of a weak signal ( Fig. 1E ). Determination of CTSD activity by fluorometry in CTSD f/f /p48 Cre/ϩ acinar cells demonstrated absence of CTSD compared with CTSD floxed acini, and CTSD activity remained undetectable after supramaximal cholecystokinin stimulation (Fig. 1F ). Protein expression analysis by Western blotting of CTSD f/f /p48 Cre/ϩ acinar cells confirmed absence of CTSD ( Fig. 1G ), which was in line with the results from fluorometry.
Trypsinogen and cathepsin B activation depends on cathepsin D
To study whether intracellular protease activation is dependent on CTSD we isolated acinar cells from CTSD Ϫ/Ϫ mice and stimulated them with CCK for up to 60 min. Deletion of CTSD prevented activation of trypsinogen by around 75% ( Fig. 2A) and of CTSB to a similar extent ( Fig. 2B ). These observations were confirmed in acini from the pancreas-specific CTSD knockout (CTSD f/f /p48 Cre/ϩ mice) ( Fig. 2, C and D) . To further elucidate the role of CTSD in CTSB activation we immunoprecipitated CTSB from wildtype mouse pancreas and added recombinant, active human CTSD to the samples (10 U). Western blotting of untreated CTSB immunoprecipitates 
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showed a band pattern with a faint signal at ϳ 25 kDa, which became much more prominent after addition of CTSD. The molecular size of active cathepsin B is around 25 kDa (17) so that the increase in intensity of this band indicates activation of CTSB by CTSD ( Fig. 3A) . Densitometry of the 25-kDa band showed a strong increase of intensity after 30 min and a still significant increase after 60 min of incubation with CTSD. Any cross-reaction to CTSD was ruled out by in vitro experiments in which the CTSB antibody detected no recombinant CTSD ( Fig. S1A ). When probing for CTSD, recombinant CTSD enzyme and the coadministered CTSD to the immunoprecipitated fractions were detected showing a heavier band at 30 kDa ( Fig. S1B ). Besides bands for active cathepsin B at 34 kDa and 25 kDa there were additional bands at ϳ 30 kDa and 24 kDa in the untreated pro-CTSB fractions, which disappeared upon CTSD incubation, suggesting either unspecific immunoprecipitation products or a slight, additional degradative effect of CTSD. To confirm CTSB activation we co-incubated immunoprecipitates with the biotin-coupled substrate NS-196, an epoxysuccinylbased CTSB specific reagent that binds only to the active site of processed CTSB but not its inactive precursor thus allowing a highly sensitive and selective detection of active CTSB (18) . Subsequent incubation with CTSD led to an increase of bound NS-196 indicating an increase in active CTSB ( Fig. 3B ). Further evidence for the activation of CTSB by CTSD activity was obtained by fluorometric analyses using the CTSB substrate AMC-Arg 2 and its addition to CTSB immunoprecipitates. Again we found an increase of CTSB activity after co-incubation with CTSD ( Fig. 3C ).
Subcellular distribution of CTSD activity was found to be similar to that of CTSB. While in the resting state CTSD was localized in both the lysosomal and the zymogen-containing compartment, a shift of CTSD activity to the zymogen-containing fraction was found 1 h after the first caerulein injection, which parallels that known for CTSB ( Fig. 3D) (19) . Fig. 3E demonstrates the distribution of marker proteins in subcellular fractions under resting conditions. The zymogen marker syncollin was predominantly recovered in the secretory vesicle fraction (zymogens); the lysosomal markers LAMP-2 and LIMP-2 were found in the lysosomal fraction and GAPDH in 
the cytosolic compartment. To clarify whether CTSD activates trypsinogen directly we co-incubated CTSD with trypsinogen in vitro and detected no cleavage of bands on Western blot analysis over an incubation period of 3 h. In contrast, enteropeptidase, an activator of trypsinogen cleaved trypsinogen readily after 30 min (Fig. 3F ). The deletion of CTSD had no effect on trypsinogen expression because the pancreata of C57BL/6 wildtype and CTSD Ϫ/Ϫ mice contained similar amounts of enteropeptidase-activatable trypsin activity ( Fig. 3G ).
Deletion of cathepsin D alters the severity of acute experimental pancreatitis depending on the type of knockout
To explore the significance of CTSD in regulating the severity of acute pancreatitis we used the caerulein-induced model of acute pancreatitis in both CTSD f/f /p48 Cre/ϩ mice and CTSD Ϫ/Ϫ mice and their corresponding littermate controls (CTSD f/f and C57BL/6 mice). As would be predicted from ex vivo experiments in acinar cells ( A, addition of active CTSD enzyme to immunoprecipitated CTSB, using an antibody that detects both pro-and active CTSB, shows processing of bands leading to a band that corresponds in size to active CTSB. Densitometry of the 25-kDa band for active CTSB shows a strong increase in the CTSD-treated fractions. B, detection of active CTSB using a biotinylated CTSB inhibitor (NS-196) in immunoprecipitates with a CTSB antibody indicates activation of CTSB by CTSD. C, enzymatic CTSB activity is increased in CTSB immunoprecipitates after co-incubation with CTSD (results shown as -fold increase). D, under resting conditions CTSD activity is detectable in the zymogen and lysosomal fraction and is redistributed to the zymogen fraction of pancreatic tissue homogenates after 1 h of supramaximal caerulein stimulation. E, Western blots of fractions show the zymogen (ZG) marker syncollin distributed to the zymogen granule fraction, the lysosomal markers LAMP-2 and LIMP-2 to be lysosomal (Lys), and the cytosolic marker GAPDH was confined to cytosolic fraction (Cyt). F, in vitro activation of trypsinogen is achieved by enteropeptidase but not by CTSD, indicating that cathepsin D does not directly induce trypsinogen activation. G, trypsinogen content, measured as trypsin activity (Arg-110-Ile-Pro-Arg) after activation with enteropeptidase is identical in CTSD Ϫ/Ϫ mice and their controls. *, p Ͻ 0.05. Data points show mean Ϯ S.E. of five or more experiments in each group and at each time point. Asterisks indicate differences significant at p Ͻ 0.05. (8 h) time point in pancreatitis ( Fig. 4E ). At 8 h the acinar cell-specific deletion of CTSD (CTSD f/f /p48 Cre/ϩ mice) had no effect on either CTSB (Fig. 4A ), trypsin activation ( Fig. 4B ), or any parameter of disease severity ( Fig. 4 , C-E). The residual presence and progressive increase in CTSD activity in the pancreas of CTSD f/f /p48 Cre/ϩ was attributable to resident and infiltrating inflammatory cells ( Fig. 4F ). Although numbers of neutrophils differed between CTSD f/f /p48 Cre/ϩ and controls at 1 h, there was no difference at 8 h, comparable with the MPO activities.
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Results were quite different when we used the mouse model with a complete CTSD knockout (CTSD Ϫ/Ϫ ). In these experiments we used CTSD Ϫ/Ϫ and wildtype controls (C57BL/6) at an age of 14 days to avoid the effects of intestinal atrophy and loss of lymphoid cells in older animals as reported by Saftig and co-workers (20) and focused on the late (8 h) phase of pancreatitis. Unlike the acinar cell deletion of CTSD the complete absence of CTSD in all cells including inflammatory cells greatly reduced not only the activation of CTSB ( Fig. 5A ) and of trypsin ( Fig. 5B ), but also the disease severity at 8 h as indicated by a reduced serum lipase ( Fig.  5C ) and cumulate histological damage ( Fig. 5D ). Taken together these data suggest that the CTSD, CTSB, trypsin cascade in acinar cells is of minor and only transient importance for the ultimate severity of pancreatitis and the role of CTSD in pancreatitis predominantly involves nonacinar cells.
CTSD ؊/؊ bone marrow cells show a reduced cytokine release after lipopolysaccharide (LPS) stimulation
Based on our observation that in a late time point severity of pancreatitis was reduced in CTSD Ϫ/Ϫ but not in CTSD f/f / p48 Cre/ϩ mice and that acinar cells from both animal strains A, CTSD activation is strongly impaired in conditional knockout mice and increases slowly only after 8 h, an effect attributed to infiltrating CTSD f/f inflammatory cells (see F). CTSB activity is decreased at 1 h but parallels controls after 8 h. B, trypsin activation in CTSD f/f /p48 Cre/ϩ mice is decreased at 1 h and similar to controls at 8 h. C, lipase activity of CTSD f/f /p48 Cre/ϩ mice is decreased at 1 h but similar to controls at 8 h. D, reduced myeloperoxidase (MPO) activity in conditional CTSD mice at 1 h but not at 8 h. E, histological damage is slightly increased after 1 h and strongly increased after 8 h in both CTSD f/f /p48 Cre/ϩ and control mice and was of comparable extent. F, cathepsin D staining in pancreata of CTSD f/f /p48 Cre/ϩ mice 8 h after induction of acute pancreatitis shows CTSD expression in infiltrating neutrophils. The number of Ly6g-positive cells were counted for a total of 10 different view fields. Data points show mean Ϯ S.E. of five or more experiments in each group and at each time point. Asterisks indicate differences significant at p Ͻ 0.05.
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showed similar responses in terms of CTSB and trypsin activation upon CCK stimulation, we concluded that the effect on disease severity could be mediated by resident or infiltrating inflammatory cells. We therefore isolated immune cells from bone marrow of CTSD Ϫ/Ϫ mice and subjected them to lipopolysaccharide stimulation in vitro. Quantitative measurements of the cytokines TNF-␣, IL6, IL10, IFN-␥, and MCP-1 (monocyte chemoattractant protein-1 ) in the supernatants of stimulated immune cells showed significantly lower cytokine production in CTSD Ϫ/Ϫ bone marrow cells after 6 h LPS stimulation (Fig. 6) . These results indicate that the cytokine production of inflammatory cells is greatly impaired after deletion of CTSD.
CTSD deletion reduces apoptosis during pancreatitis in two different knockout models
Cell death in acute pancreatitis can involve either necrosis or apoptosis of acinar cells, and the latter has been attributed to a milder phenotype. We therefore investigated whether a deletion of CTSD would lead to a shift from necrosis to apoptosis to account for the reduced disease severity at 8 h. Our results in pancreatic acinar cells indicate that the opposite does, in fact, occur and both the acinar cells of CTSD Ϫ/Ϫ as well as of CTSD f/f p48 Cre/ϩ animals show reduced caspase-3 activation after supramaximal CCK stimulation (Fig. 7A) . In vivo, after 8 h of pancreatitis, the number of TUNEL-positive, apoptotic cells was reduced to 50% in both CTSD-deleted animal strains, indicating that acinar cell CTSD is critical for pancreatic tissue apoptosis to proceed and independent of CTSD in inflammatory cells (Fig. 7B ).
Discussion
Evidence in favor of a protease-activation-based pathogenesis of pancreatitis includes data from a whole variety of experimental disease models (21-23) as well as human studies, which have identified germline mutations in protease and antipro- 
Cathepsin D in acute pancreatitis
tease genes as by far the most common genetic risk factors for pancreatitis (24 -26) .
One of the underlying mechanisms for premature trypsinogen activation is the transactivation via the lysosomal enzyme CTSB, which represents the most effective intracellular trypsinogen activator known so far. Direct CTSB-mediated trypsinogen activation was demonstrated by in vitro and in vivo experimental studies (6, 19, 27) . Conversely, pharmacological inhibition or genetic deletion of CTSB led to a reduction of intracellular trypsin activation and a reduction in the severity of pancreatitis in mice (1, 28) .
A precondition for CTSB-mediated trypsinogen activation would be the presence of both classes of enzymes in the same compartment (29) . Different underlying mechanisms for such a colocalization have been discussed and include missorting of lysosomal enzymes into secretory vesicles by defective function of the mannose 6-phosphate receptor-dependent sorting mechanism (30), fusion of zymogen granules with lysosomes via crinophagy (31) or colocalization via impaired autophagy with inefficient lysosomal clearance (32), or by aberrant endocytosis from the cell surface (33, 34) .
Cathepsin L, another widely expressed cysteine proteinase (35) , exerts antagonistic effects to CTSB as it cleaves trypsinogen and trypsin resulting in their inactivation. Yet, deletion of CTSL led to a milder disease course, which was explained by a shift toward an apoptosis-predominant cellular injury (2) .
The results of the present study allow for several conclusions. CTSD is expressed in the exocrine pancreas, redistributed like CTSB and CTSL to a zymogen-containing subcellular compartment, and its deletion leads to milder pancreatitis. However, CTSD acts entirely through CTSB and cannot activate trypsin directly. Unlike CTSL, the deletion of CTSD leads to less, rather than more, apoptosis. Moreover, the effect of CTSD deletion in the early, acinar cell-dependent phase of pancreatitis is only minimal and transient, whereas it is prominent in the later, inflammatory cell-dependent phase of the disease.
CTSD is an aspartic protease of the pepsin superfamily and as an endopeptidase its major function is to catalyze the hydrolysis of peptide bonds in proteins (8, 36) . In addition CTSD has been implicated in the processing of pro-CTSB and other proteolytic enzymes primarily in cells after malignant transformation (37). Isolated pro-CTSB from rat microsomal fraction was activated by CTSD in vitro under acidic conditions and was blocked by the aspartic protease inhibitor pepstatin A (38, 39) .
Our results indicate that this CTSD-mediated activation of CTSB represents the predominant activation mechanism for CTSB, applies equally to nonmalignant cells and in vivo settings, and does affect the severity of pancreatitis. It is not, however, the only mechanism through which CTSB can be activated because Quraishi et al. (40) observed an autocatalytic activation of pro-CTSB to intermediate and mature CTSB which could be inhibited by cystatin C. Our study further con- 
firms that supramaximal stimulation of acinar cells leads to the same redistribution of the aspartic protease CTSD as previously shown for the cysteine proteases CTSB and CTSL (2, 6) . The reason for this parallel processing of different classes of lysosomal enzymes is their mutual dependence on the mannose 6-phospate receptor-dependent intracellular sorting mechanism (7, 30) . The presence of CTSD in the secretory compartment was previously demonstrated in rats, which were subjected to caerulein stimulation, showing large vacuoles containing digestive enzymes (41) and underlining the spatial proximity of CTSD to digestive enzymes and CTSB.
A CTSB activation by CTSD in the lysosomal compartment under resting conditions where they physiologically colocalize is probably prevented by intracellular inhibitors (42) or by the intravesicular pH which would require an acidic optimum for CTSD activity (43) .
The difference in improving the severity of pancreatitis between the complete CTSD Ϫ/Ϫ and the pancreas-specific knockout indicates that the initial acinar cell effect on CTSBmediated trypsinogen activation is only minor, transient, and less than critical for the ultimate disease severity, a point previ-ously made for a specific trypsin 7 knockout (44) . The fact that a complete CTSD Ϫ/Ϫ knockout has a much less transient effect on disease severity, which also remains significant after 8 h of pancreatitis suggests that this role of CTSD involves nonacinar cell types. Our studies on bone marrow cells indicate that the most likely target cell population is inflammatory cells and the underlying mechanisms are their greatly impaired production of pro-(and anti-) inflammatory cytokines. Although they can still infiltrate the pancreas to some extent they no longer produce much local or systemic inflammation. Potential cellular players, which have previously been identified as promoting acute pancreatitis, are neutrophil granulocytes and macrophages, mediated by an effect of TNF-␣ (3).
Future studies need to specify which types of inflammatory cells are mostly affected and responsible for this effect. Our results do not conflict with observations by Mehanna et al. (45) , who could not find differences in severity of pancreatitis and CTSB expression in a conditional CTSD knockout harboring a loxP-flanked allele of CTSD with a Spink3-cre transgene and acinar cell specificity (CD f/f ;Spink3 cre/ϩ ). Our data would suggest that this kind of approach can only affect the early disease 
phase, whereas for a less transient effect deletion of CTSD from inflammatory cells is required. The authors furthermore assumed a delayed degradation of CTSB in case of CTSD deficiency based on their observations that CTSB expression was increased in stimulated CD f/f ;Spink3 cre/ϩ mice. Our results support this hypothesis, as Western blot analysis of immunoprecipitated CTSB incubated with CTSD showed a disappearance of CTSB bands at 60 min, suggesting that initial CTSB activation could be followed by later CTSB degradation. As CTSD mediates its action in pancreatitis via CTSB further studies need to investigate how this applies to inflammatory cells and whether these events evolve in a vesicular compartment (19) or in the cytosol (46) .
In terms of cell death mechanisms, necrosis and apoptosis have both been reported during pancreatitis, and cathepsins have been implicated in their regulation (47-49) using different approaches. CTSB and CTSL have both been found to either impair (2) or promote apoptosis (19, 46) and also for CTSD conflicting evidence has been presented (50 -52) . For pancreatic acinar cells at least our answer is quite unequivocal that absence of CTSD reduces the degree of apoptosis either in vitro after supramaximal CCK stimulation or in vivo during experimental pancreatitis.
We conclude that the aspartic protease CTSD is expressed in the pancreas and undergoes subcellular redistribution following supramaximal CCK stimulation in parallel with the cysteine proteases CTSB and CTSL. Its effect on cellular damage of acinar cells is mediated via CTSB for which it is a potent activator and not via direct activation of trypsinogen. The acinar cell effect of CTSD deletion is only transient in terms of how it influences the ultimate disease severity, whereas the deletion of CTSD from inflammatory cells impairs their capacity for cytokine production and has a much more sustained effect in the course of pancreatitis.
Experimental procedures
Materials
Caerulein was obtained from Sigma. Collagenase from Clostridium histolyticum (EC.3.4.24.3) was purchased from SERVA Electrophoresis (lot no. 14007, Heidelberg, Germany). Recombinant human cathepsin D was obtained from Calbiochem (EMD Biosciences) and cathepsin B from Sigma. Trypsinogen from bovine pancreas and enteropeptidase from porcine intestine were from Sigma. Fluorogenic substrates for cathepsin D were obtained from OncoImmunin, Inc. (CaDiLux ® , Gaithersburg, MD) and from Enzo Life Sciences (Lörrach, Germany). Substrates for trypsin (R110-(CBZ-IPR) 2 ) and caspase-3 (R110-DEVD) were from Life Technologies. Substrates for chymotrypsin (Suc-AAPF-AMC) and cathepsin B (AMC-Arg 2 ) were purchased from Bachem AG (Bubendorf, Switzerland). Lipase was quantified using a kit from Roche Hitachi (Grenzach-Wyhlen, Germany). The FragEL TM DNA fragmentation detection kit (catalogue no. QIA39 -1EA) was obtained from Merck Millipore (Darmstadt, Germany) and CBA mouse inflammation kit was from BD Biosciences. Ly6g antibody was obtained from Abcam (Cambridge, MA). NS-196 was provided by N. Schaschke.
For Western blot analysis the following antibodies were used: anti-cathepsin D (catalogue no. sc-6486, Santa Cruz Biotechnology, Dallas, TX), anti-cathepsin B (R&D Systems, Minneapolis, MN and Cell Signaling Technology Europe, Leiden, The Netherlands), anti-GAPDH (Meridian Life Science Inc., Memphis, TN) and trypsinogen (EMD Biosciences).
Induction of acute pancreatitis
Cathepsin D Ϫ/Ϫ (20) and CTSD f/f mice were generated as previously reported (47) . Wildtype C67BL/6 mice were obtained from Charles River Laboratories (Sulzfeld, Germany). CTSD f/f were crossbred with p48-Cre (Ptf1a Cre ) mice, with an acinar cell-specific expression site (53, 54) to generate conditional CTSD f/f /p48 Cre/ϩ mice. All mice were maintained in our animal facility. Pancreatitis was induced by 8 hourly injections of caerulein (50 g/kg/body weight) (55) . All animals used were maintained according to institutional guidelines and animal facility protocols. Approval by the Institutional Animal Care and Use Committee was obtained for all experiments including induction of pancreatitis.
For histological evaluation the pancreas was fixed in 4.5% formaldehyde for paraffin embedding. The main part of the pancreas as well as lungs were frozen in liquid nitrogen and stored at Ϫ80°C for later analysis (3) . Serum was sampled and stored at Ϫ20°C.
Isolation of acinar cells
Acinar cells were prepared by collagenase digestion as previously described (56) . After a resting period of 30 min in a 37°C water bath acinar cells were stimulated in Dulbecco's modified Eagle's medium containing 2% BSA and 10 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) using 0.1 M cholecystokinin. In vivo measurement of protease activation in living acinar cells was performed in a cell medium system at pH 7.4 containing 24.5 mM HEPES, 96 mM NaCl, 11.5 mM glucose, 6 mM KCl, 1 mM MgCl 2 6H 2 O, 0.5 mM CaCl 2 2H 2 O, 2.5 mM NaH 2 PO 4 H 2 O, 5 mM sodium fumarate, 5 mM sodium glutamate, 5 mM sodium pyruvate, and 1% BSA and DMEM. Trypsin activity was measured by adding 10 M R110-IPR substrate, CTSD activity by using 350 nM CaDiLux ® substrate and for CTSB 20 M AMC-Arg 2 was used. Necrosis was quantitated by propidium-iodide exclusion (19, 57) . All measurements were done in triplicate in a 96-well microtiter plate.
Subcellular fractions
Subcellular fractions were performed from pancreatic tissue immediately after sacrifice of mice as described previously (19) using a modified protocol from Saluja et al. (6) . Briefly, after cutting and homogenization of tissue final fractionation was performed by two strokes of Douncer size A followed by two strokes of Douncer size B. In serial density centrifugation steps at 4°C the postnuclear supernatant was removed followed by isolation of the zymogen granule-enriched fraction at 470 ϫ g for 15 min. Preparation of a lysosome-enriched fraction was done at 12,200 ϫ g for 12 min. The remaining supernatant was cleaned up by centrifugation at 20,800 ϫ g for 10 min and was used as a cytoplasmic fraction. Successful fractionation was controlled using Cathepsin D in acute pancreatitis marker proteins for the zymogen fraction (syncollin), lysosomes (LAMP-2, LIMP-2) and cytosol (GAPDH).
Biochemical assays
Serum lipase activities were measured by photometric assays (Roche Hitachi) as kinetic over 30 min with an absorbance at 570 nm and standardized using purified enzymes (Sigma). Protease activity was determined from either whole pancreatic or acinar cell homogenates. Trypsin and chymotrypsin activity were measured as enzyme kinetic over 1 h at 37°C in a buffer containing 100 mM Tris (pH 8.0) and 5 mM CaCl 2 at an excitation wavelength of 485 nm and an emission wavelength of 520 nm using their specific fluorogenic substrates. Trypsinogen content was determined by measuring whole trypsin activity after complete activation by enteropeptidase (40 milliunits/ milliliter for 30 min). CTSB activity was measured in 100 mM sodium acetate and 5 mM CaCl 2 containing 10 mM DTT at pH 5.5 and at pH 4.0 for CTSD activity. Caspase-3 activity was determined in PBS at neutral pH condition. The enzymatic activities of samples were corrected for protein content using the MicroBCA Kit (Pierce Biotechnology, Rockford, IL).
Myeloperoxidase activity measurement was performed as described previously (58) . Briefly, pancreatic tissue was homogenized on ice in 20 mM potassium phosphate buffer (pH 7.4) and centrifuged at 20,000 ϫ g at 4°C for 10 min. The pellet was resuspended in 50 mM potassium phosphate buffer (pH 6.0) containing 0.5% cetyltrimethylammonium bromide. The suspension was frozen and thawed in cycles, sonicated twice, and centrifuged at 20,000 ϫ g at 4°C for 10 min. Myeloperoxidase activity was assayed in 50 mM potassium phosphate buffer (pH 6) containing 0.53 mM o-dianisidine and 0.15 mM H 2 O 2 . The initial increase in absorbance was measured at room temperature with a SpectraMax Spectrophotometer (Molecular Devices, Sunnyvale, CA). The results are expressed in units of MPO activity on the basis of 1 unit being able to oxidize 1 mol H 2 O 2 per minute per milligram pancreatic protein (56) .
Measurement of cytokine release in bone marrow cells
After removal of the femur epiphyses Ca 2ϩ -and Mg 2ϩ -free Hanks' balanced salt solution (HBSS) (Life Technologies) was forced through the bone with a syringe. The resulting cell suspension was passed over a 70-m sterile nylon filter (BD Falcon) for removal of cell aggregates and other debris (59) . After washing for three times with PBS, neutrophil fraction was activated with 1 g/ml lipopolysaccharide (Sigma). Measurements were done in triplicate in a 96-well microtiter plate. Cytokines TNF-␣, IL6, IL10, IFN-␥, and MCP-1 were measured in the supernatants by FACS analysis with the CBA mouse-inflammation kit according to the manufacturer's instructions (BD Biosciences).
Western blotting, NS-196 blotting, and immunoprecipitation
Tissues were homogenized and lysed in a buffer containing 25 mM HEPES, 75 mM NaCl, 0.5%, Triton X-100, 5% glycerin, and 1 mM EDTA in the presence of 1 mM PMSF, 5 mM Na 4 P 2 O 7 , 10 mM NaF, and 1 g/ml aprotinin. Protein content was determined using the MicroBCA Kit (Pierce Biotechnology). 20 g of protein was loaded on polyacrylamide gel and transferred to a nitrocellulose membrane as described previously (3, 19) .
For in vitro proteolytic cleavage of trypsinogen either enteropeptidase (10 milliunits) or cathepsin D enzyme (10 milliunits) were given to 40 g/ml bovine trypsinogen. Aliquots were removed at 0 min, 30 min, 1 h, and 3 h. Reaction was stopped by adding immediately loading buffer containing 10% ␤-mercaptoethanol, boiled at 96°C for 5 min and freezing to Ϫ20°C.
For detection of activated CTSB we used NS-196, that binds to the catalytic center of CTSB, as described previously (19, 60) . Briefly, 200 g of total protein was incubated with 1 M NS-196 for 5 min on ice. Labeling of NS-196 was done in NET (150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl, and 0.05% Triton X-100)gelatin containing streptavidin-conjugated peroxidase (1:15,000) for 45 min at room temperature.
For immunoprecipitation lysates were precleared with protein A-Sepharose beads (GE Healthcare). Supernatant was incubated with 2 mg cathepsin B antibody overnight at 4°C and protein A-Sepharose was added for 1 h. The beads were washed four times in wash buffer and precipitates were subjected to immunoblot analysis with CTSB-antibody. To one fraction active human recombinant CTSD (10 U) was added and aliquots were taken at 30 and 60 min.
Protein samples were diluted in loading buffer containing 10% ␤-mercaptoethanol, boiled at 96°C for 5 min and loaded on SDS gels for electrophoresis. Transfer was made on nitrocellulose membranes. Blocking was achieved in NET containing 2% gelatin. Incubation with specific primary antibodies was followed by enhanced chemiluminescence (ECL) detection using ECL peroxidase (HRP)-linked secondary antibodies (GE Healthcare). Bands were detected by Fusion-FX system for chemiluminescence (Vilber Lourmat, Collegién, France).
Histology and TUNEL assay
Paraffin sections were used for hematoxylin and eosin staining. For assessment of damage a modified score adapted from Niederau et al. (61) was used. The scoring was based on the extent of necrosis, vacuolization of acinar cells, and invasion of inflammatory cells into the pancreas. A minimum of five images from each of five animals was investigated. For assessment of apoptosis paraffin sections were labeled using the FragEL TM DNA fragmentation detection kit (Merck Millipore) according to the manufacturer's instructions. Apoptotic cells were quantified by Image J software and numbers of apoptotic cells were given as percent of total cells.
Statistical analysis
All data are expressed as mean Ϯ S.E. from at least five animals in each group. Statistical analyses were performed by Sig-maPlot (Systat Software GmbH, Erkrath, Germany) using the Student's t test for independent samples or analysis of variances for samples without normality. Differences were considered significant at a level of p Ͻ 0.05.
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